Chemiluminescence has become a standard tool in biomedical research. Chemiluminescent 
INTRODUCTION
Emission of visible light, without requiring a rise in temperature, is referred to as luminescence. It includes fluorescence, the emission of light following light absorption, and chemiluminescence, the emission of light caused by a chemical reaction. Chemiluminescent assays have virtually no background and are extremely sensitive. This sensitivity has led to the widespread use of chemiluminescent assays in the biomedical sciences (16, 26) . For example, chemiluminescent indicators are used for immunoassays in microplates, immunolabeling of western blots, and nucleic acid detection in northern and Southern blots. Perhaps one of the most promising applications of chemiluminescence is the direct measurement of various substances at a cellular level.
Cells can be fixed for immunohistochemistry or in situ hybridization using chemiluminescent probes (32) . However, it is also possible to use chemiluminescent indicators and reporter genes to study dynamic intracellular processes in living cells (33) . Chemiluminescent indicators are well suited for such in vivo studies. Because no exciting light is needed, chemiluminescence can be measured for many days without disturbing the living system. This is in contrast to fluorescence, which can damage living systems by the exciting light, in particular when using light with short wavelengths (ultraviolet or blue light), long exposure times, or exciting light at high intensities. This review provides a brief introduction of chemiluminescent indicators and their applications, provides an overview of general concepts in low-light recording, and describes available techniques in chemiluminescence microscopy.
CHEMILUMINESCENT INDICATORS AND THEIR APPLICATIONS
A large number of chemiluminescent substances have been identified in nature, and synthetic analogs have been developed to facilitate their use as indicator molecules. The most widely used indicators are shown in Table 1 and are briefly discussed. Special reference is made to the application of these indica -tors for imaging on a cellular level. For information on other chemiluminescent indicators, we refer the reader to a recent review (17) . For additional information on the chemistry of light-emitting reactions, see Reference 22 .
Firefly Luciferin
One of the most efficient chemiluminescent reactions is the oxidation of luciferin in the abdomen of the firefly. This reaction can also be classified as bioluminescence because it involves a chemiluminescent reaction that occurs in a living organism. The oxidation of luciferin by luciferase has a quantum yield of 88%, which means that 88 photons are emitted per 100 molecules of reacting luciferin. The luciferin-luciferase reaction is used in biomedical research for gene expression assays, using the luciferase gene ( luc ) as a reporter. This approach is particularly useful for the imaging of gene expression in living cells. For example, patterns of luminescence can be visualized in living transgenic fruit flies, which express the luciferase gene under the control of a per promoter (30) . When these flies are fed with luciferin-containing food, they luminesce rhythmically for a 24-h period. Moreover, these rhythmic patterns of luminescence can be imaged in single cells of a dissected Malpighian tubule. Similarly, circadian rhythms of luciferase expression have been imaged in a single tobacco seedling (15) . The luciferase gene has also been used in mouse embryos to image the onset of paternal gene expression in early development (21) . In addition, the luciferase reporter has been used for imaging gene expression in whole mice (12) and tumor progression in rats (31).
The luciferin-luciferase reaction can also be used to detect small amounts of ATP when an excess of luciferin and luciferase are present in the reaction mixture. The ATP assay is used, for example, for bacteriuria testing, cell proliferation assays, and hygiene monitoring within the food industry (19) . The ATP detection assay can also be carried out on a cellular level. For example, patterns of ATP have been imaged in cryosections of tumors (25, 39) . Cells are usually lysed in ATP detection assays. However, it may also be possible to image patterns of ATP in living cells using a relatively stable concentration of luciferase and an excess of luciferin. This possibility was recently explored in live luciferase-expressing HeLa cells attacked by complement (34) .
Aequorin
The photoprotein aequorin emits light in the presence of calcium ions (35) . The luminophore in this reaction is coelenterazine, which reacts with molecular-bound oxygen. Aequorin is used as an indicator for measuring patterns of free calcium in living cells (7) . The aequorin gene can be locally expressed to allow calcium imaging in specific cell organelles such as the nucleus, endoplasmic reticulum, and mitochondria (5, 33) . Imaging with aequorin does not disturb the living cell, allowing continuous calcium measurements in a single cell for days.
Luminol
The chemiluminescent substrate luminol reacts with hydrogen peroxide in the presence of horseradish peroxidase (HRP). HRP-labeled antibodies and probes are used for immunoassays (western and dot blots, and microplates) and nucleic acid identification (Southern and northern blots). The sensitivity of these assays often exceeds the sensitivity of radioactive assays. Moreover, assay sensitivity can be increased using luminol analogues and enhancers (17) . On a cellular level, the luminol-HRP reaction can be used for in situ hybridization and immunohistochemistry (32) .
Luminol can also be used for the detection of reactive oxygen species such as hydrogen peroxide (H 2 O 2 ) and the superoxide anion (O 2 -) in living cells (10) and can be used to visualize cellular nitric oxide (NO) release (43) . Other chemiluminescent indicators such as lucigenin, MCLA, and coelenterazine are more specific for the superoxide anion and have various advantages over luminol (10, 40) . However, as a general indicator for reactive oxygen species, luminol is often the substrate of choice. One application of luminol is the measurement of reactive oxygen species during the respiratory burst in blood phagocytes. Phagocyte photon emission has been measured in humans undergoing stress or disease, and the capability of phagocytes to emit photons reflects remarkably well the pathophysiological state of the individual (18) . Similarly, the respiratory burst during sea urchin fertilization can be monitored in synchronous batches of about 0.2 million eggs by adding luminol to the culture medium (38) . Luminol has also been used to measure the release of reactive oxygen species in human sperm (1, 23) . These measurements revealed differences in reactive oxygen concentrations among sperm from fertile and infertile men (27, 44) .
Interestingly, cellular reactive oxy - HRP alkaline phosphatase/ β -galactosidase gen species generate some luminescence without the addition of luminol. However, the levels of this spontaneous luminescence are orders of magnitude lower than the levels obtained with luminol. A low level of spontaneous luminescence has been measured during the respiratory burst in blood phagocytes (18) and sea urchin eggs (11, 38) .
Other cell types emit spontaneous luminescence as well, reaching levels of 3-20 photons per cell per hour (41) . In large populations of cells, this low level of luminescence can be measured and even imaged (14) .
Stabilized Dioxetanes
The recently developed dioxetanes allow the detection of a large number of specific enzymes, including phosphatases, phospholipases, proteases, and hydrolases (17) . Stabilized dioxetanes have an enzyme-cleavable protective group. Upon enzymatic removal of the protective group, the dioxetanes decompose while emitting a prolonged glow of light. For example, the stabilized dioxetane AMPPD emits blue light (470 nm) upon alkaline phosphatase-catalyzed dephosphorylation (6) . Chemiluminescent substrates for various enzymes such as alkaline phosphatase, β -galactosidase, and glucuronidase have been developed. These enzymes have been coupled to antibodies and oligonucleotides that are used for chemiluminescent immunoassays (western and dot blots, and microplates) and nucleic acid detection (Southern and northern blots). In addition, the genes coding for these enzymes can be used in chemiluminescent reporter gene assays (29) . Chemiluminescent substrates with different colors and kinetics (glow and flash type) are available, thus allowing the recording of various indicators in a single sample (20) . The stabilized dioxetanes can also be used on a cellular level for in situ hybridization, immunohistochemistry (32) , and enzyme activity detection (17) . Moreover, the stabilized dioxetanes could become powerful tools for imaging enzyme activity and expression of reporter genes in living cells. To this end, stabilized dioxetanes that have high quantum yields in physiological solutions need to be developed.
MEASURING CHEMI -LUMINESCENCE

Units of Light
The SI unit of light is the candela (cd), which is defined as the luminous intensity of monochromatic radiation with a wavelength of 555 nm and an intensity of 1/683 W/steradian (see Table  2 for the conversions of various units). One candela corresponds to one lumen/steradian or to one lux with a detector 1 m away from the light source. The candela, lumen, and lux are photometric units that describe the brightness of light as perceived by the human eye. The average human eye is more sensitive in the green than it is in the red or b lue. Thus, relatively high intensities are needed in the blue and red to get the same perceived brightness. Radiometric units of light do not depend on the sensitivity of the human eye and are expressed in W/m 2 or in photon s/ (s × cm 2 ) when intensities are low.
Light Meters
Ambient levels of light can be measured with light meters, which are based on a silicon photodiode. Such light meters are, for example, used for measuring room light and laser intensity. They display light intensities in photometric units (lux) or in radiometric units (W/m 2 ). Light meters that display intensities in radiometric units are also referred to as optical power meters or radiometers. The most accurate light meters are calibrated using a standard light source (e.g., from the U.S. National Institute of Standards and Technology) and allow for the measurement of light at various wavelengths.
Luminometers
Chemiluminescence is typically measured with a photometer or luminometer, which is built around a photomultiplier tube (42) . The photomultiplier tube is a vacuum tube containing a photocathode, electron multiplier plates, and an electron-collecting anode. A wide variety of luminometers are currently available and include those with automatic reagent injectors and microplate readers (4) . For a list of distributors, see Reference 36. The sensitivity of a photomultiplier tube is usually expressed in noise levels and photocathode quantum efficiency, which is the probability that an incident photon will cause the release of an electron. The quantum efficiency depends on the wavelength of the incident photon [i.e., the quantum efficiency is generally best (about 20%) in the blue and decreases at higher wavelengths (green and red)]. Photomultiplier tubes with good sensitivity in the red and infrared are available (S1 response) but tend to have more dark noise. This dark noise can be reduced by cooling the detector. Many luminome - ters are operated in a "photon counting" mode, which means that each large pulse is counted as a single photon, while the smaller noise-related pulses are excluded from the recording. This method improves the sensitivity of the detector but lowers the level at which the luminometer saturates.
Advances in solid-state technology may eventually lead to the development of a photodiode that will replace the vacuum photomultiplier tube. For example, the recently developed "avalanche photodiode" is an extremely sensitive light detector that has an electron amplification mechanism similar to the photomultiplier tube (42) .
Luminometers are generally not calibrated in absolute terms (37) . Thus, the level of light is displayed in arbitrary units such as relative light units or counts per second. For most practical purposes, these relative units are good enough because internal standards can be included in the experimental protocol. For example, ATP measurements can be calibrated by adding a few standards in which the ATP concentration is known. However, an absolute calibration is essential for comparing the performance of luminometers in different laboratories. An effective method for calibrating luminometers has been previously described (28): a known amount of luminol is burned up in a luminometer, and the recorded counts are compared to the total number of emitted photons. The total number of photons can be calculated based on the quantum yield (0.0124) of the luminol reaction. In addition, various other standards have been developed that are suitable for day-to-day calibrations (28, 37) .
IMAGING OF CHEMI -LUMINESCENCE
Sensitive photon imaging systems have been developed for both astronomers and biologists to look at ultra-low levels of light. Many of these systems are now commercially available (36) . Three types of cameras form the basis of these imaging systems: slowscan cooled charge-coupled device (CCD) cameras, intensified CCD cameras, and imaging photon detectors (13) .
The slow-scan cooled CCD camera is a solid-state device with a high quantum efficiency, in particular when using a back-illuminated chip (4). Quantum efficiencies can be as high as 80%, meaning that 80 out of 100 incident photons are recorded. However, CCD cameras also have a high level of noise, which limits their sensitivity. For measuring chemiluminescence, this noise needs to be reduced by cooling the detector (reducing the dark counts) and by using slow read-out speeds (reducing the read-out noise). Intensified CCD cameras have an image intensifier placed in front of a CCD camera. Silicon intensifiers are available but are generally not sensitive enough for imaging low levels of chemiluminescence. The most sensitive intensifiers are the microchannel plate image intensifiers, which are vacuum tubes similar to the photomultiplier tube. When a photon strikes the detector, an electron is released by the photocathode. The signal is amplified within the microchannel plates and transformed to visible light by a phosphor output window. This light is then recorded with a CCD camera, which can be read out quickly and does not need to be cooled. The most sensitive detectors have multiple layers of microchannel plates (e.g., 2-or 3-stage microchannel plates) and allow for photon counting. Similar to the photon counting mode of the photomultiplier tube, the electrical pulses representing an incident photon are recorded, while the smaller noise-related pulses are excluded. Extremely large pulses caused by radioactivity or cosmic radiation can be excluded from the recording as well. The main strength of microchannel plate-intensified cameras is their low level of noise (typically 10-100 counts per second over the entire detector surface). This low noise makes the intensified camera extremely sensitive and allows for the detection of low levels of chemiluminescence. Microchannel plate intensifiers are particularly useful for measuring dynamic patterns of chemiluminescence because the detector noise does not increase at a fast recording speed. Quantum efficiencies of intensifiers usually peak in the blue and are much lower than quantum efficiencies of solid-state detectors. We have tested various microchannel plate-intensified cameras and estimate that the peak quantum efficiency typically ranges between 1% and 5%. These estimates are lower than values reported by others. As with photomultiplier tubes, detectors with extended sensitivity in the red are available. These detectors need to be cooled to reduce the level of noise.
Imaging photon detectors (IPD) use a microchannel plate intensifier similar to the intensified CCD cameras described above. The difference is that, instead of a phosphor screen, the IPD uses a resistive anode to collect the amplified electron bundles. The signals from the resistive anode are sent directly to a processing unit and stored in the computer as a list of photon events. Thus, IPD-type cameras do not have a phosphor screen or a CCD camera and lack the noise caused by these components. Our laboratory uses a S20 IPD detector (Photek, East Sussex, UK) that is mounted on an Axiovert 100TV inverted microscope (Carl Zeiss, Thornwood, NY, USA) (7). The detector has three stages of microchannel plates, extended sensitivity in the red (S20 response), and is cooled to reduce detector noise. Based on calibrations with a set of light-emitting diodes (LEDs) and a NIST-traceable optical power meter (PD200; Ophir Optronics, Danvers, MA, USA), we estimate that our imaging system has a quantum efficiency of 3.0% at 430 nm (blue), 1.7% at 565 nm (green), and 0.8% at 635 nm (red). These estimates are lower than values reported by others. However, even at quantum efficiencies between 1% and 5%, the resistive anode IPD may well be the most sensitive detector currently available because of its extremely low level of noise. The IPD system in our laboratory has a noise level of 2 counts per second in a 100 × 100-pixel field (1 pixel = approximately 1 microchannel). This corresponds to a noise level of 0.0002 counts/pixel second. For the storage and analysis of the photon data, we use custom-written IPD software obtained from Science Wares (East Falmouth, MA, USA). We have used this imaging system to study calcium patterns during embryonic development via the chemiluminescent aequorins. For example, calcium gradients were found to be associated with dorsal-ventral specification in Drosophila embryos (8) and with brain regionalization in zebrafish embryos (9) .
When choosing a camera, one should consider the spectral response, quantum efficiency, noise, dynamic range, spatial resolution, and ease of use. However, these factors are not easy to evaluate from published specifications. Thus, in general, it is a good idea to try out a camera using the cells or samples that one is interested in. Other factors to consider are the associated software for data storage and analysis, the lens system that collects the light, the detector cooling system, dry air to prevent coolingrelated condensation, shutters to prevent overexposure, and methods for obtaining bright-field images.
LIGHT COLLECTION ON A PHOTON COUNTING MICROSCOPE
Photon counting cameras can be attached to microscopes for imaging of chemiluminescence on a cellular level. On a micro-scale, the level of chemiluminescence is often a limiting factor because small objects generally emit a low amount of light (assuming equal concentrations of chemiluminescent reactants). The amount of emitted light is proportional with the volume of a cell and, thus, with the third power of the cell diameter, as long as the cell is transparent (7) . For example, upon injection of aequorin, a zebrafish egg with a diameter of 1 mm emits a thousand times more light than a sea urchin egg with a diameter of 0.1 mm. For opaque tissues, the amount of emitted light is proportional with the surface area and, thus, with the second power of the tissue diameter. Because the amount of light is often limiting, approaches to chemiluminescence microscopy are designed to maximize photon emission and increase the efficiency of the light collection. The most important factor in collection efficiency is the numerical aperture (N.A.) of the objective (Figure 1) . A low N.A. objective will collect only a small fraction of the emitted light and will thus decrease the overall sensitivity of the imaging The light source is a green LED, which emits a low level of light through a 0.5-mm pinhole. The standard is battery-powered with a lithium coin battery that has flat discharge characteristics and a long shelf life. The standard does not have an off-switch because the required current is so low that the batteries should last for more than 50 years (about five times longer than the shelf life of the lithium batteries). The condenser window allows condenser light to shine through the LED and pinhole, which is helpful for bringing the pinhole in focus. We estimate that the standards emit about 30 000 photons/s through the pinhole.
system. For example, a dry objective with an N.A. of 0.2 collects only 1% of the light emitted by a cell or tissue.
IMPROVEMENTS IN CHEMI -LUMINESCENCE MICROSCOPY
Two specific improvements in chemiluminescence microscopy are discussed in this review. The first is an efficient method of data storage that allows days of continuous imaging without creating oversized files. The second is the development of a low-light standard that can be used to calibrate photon imaging microscopes.
Data Storage
Imaging data is typically stored as a sequence of images. However, this method of data storage requires a lot of storage space, limiting either the total recording time or the rate of acquisition. For example, an hour recording at one image per second requires approximately one gigabyte (GB) of memory [3600 pictures × 0.3 megabytes (MB)]. A more efficient method of data storage is available for photon imaging. Photon data can be stored as a list of photon events in which each photon is labeled by space (x,y) and time coordinates. A single photon event can be stored in 10 bytes. Thus, a continuous 1-h recording at 100 photons/s only requires 3.6 MB of memory (3600 s ×100 photons/s × 10 bytes/photon) instead of a GB. This method has previously been used for IPD-type detectors in which the output is already in the format of a list of photon events (24) . However, the same method could be adjusted for storing data obtained with other types of detectors. The potential benefit is that it would allow for days of continuous imaging at a high acquisition rate without creating oversized files.
Low-Light Standard for Calibration of Photon Imaging Microscopes
Various types of cameras are used to image chemiluminescence, and new solid-state imaging systems may be developed in the near future. It is difficult to compare the performance of these cameras, various microscopic imaging systems, and results obtained in different laboratories. For such comparison, photon imaging microscopes need to be calibrated. Standard light sources that can be used for calibrating ambient levels of light are available but are generally too big and bright for the calibration of photon imaging systems. An elegant standard for calibrating fluorescence microscopes was previously described (3). This standard consists of a feedback-stabilized LED that emits light through a pinhole. In addition, a dual-wavelength standard was developed for calibrating ratiometric imaging data obtained with fluorescence microscopes (2) .
We have recently developed an ultra-low-light standard for photon imaging microscopes by strongly reducing the electrical current through an LED. A 10-MΩresistor was placed in series between a green LED (560 nm) and a 3-V lithium battery (Figure 2) . A spectral analysis with bandpass filters suggested that the strong reduction in current does not change the color of the emitted light. The average standard gives 13.5 counts/s on our imaging system ( n= 8 and SEM= 0.8) using a PlanApochromat 5 ×objective with a N.A. of 0.16 (Carl Zeiss). The geometry of light emission was studied by tilting the standards. Maximum intensities were measured at a tilting angle between 0 and 10°, while the intensity drops to 50% at a tilting angle of 50°. We estimate that about 30 000 photons/s are emitted through the pinhole of the standard. In calculating this value, we assume that the quantum efficiency of the detector is 1.7% at 560 nm, correct for the percentage of light collected by the objective (1.3% of a half sphere) and for the geometry of light emission (average intensity is 55% of maximum). The standards were also investigated using two other microscope objectives. A Fluar 10 ×objective with an N.A. of 0.5 (Carl Zeiss) collected 66 counts/s ( n = 8 and SEM= 5), and a Fluar 20 ×ob -jective with an N.A. of 0.75 collected 163 counts/s ( n= 8 and SEM = 11). These values are somewhat lower than expected, based on the N.A. and geometry of light emission. Possibly, some light is lost by reflection, which could be significant in high N.A. lenses without the aid of oil immersion. A number of standards were built and will be made available to the scientific community. Readers interested in the standards should contact the author.
We plan to further characterize the low-light standards by measuring the absolute radiant flux through the pinhole more precisely and testing the stability of the standards over prolonged periods of time. The low-light standard will be useful for comparing the performance of different photon imaging systems and for comparing data obtained in different laboratories. In addition, the standards can be used to roughly estimate the total number of photons that are emitted by a specimen.
CONCLUSION
Chemiluminescence microscopy has become a powerful tool in biomedical research. It allows for in vivo imaging of various processes, within cells, tissues, and complete organisms, without disturbing the living system. Ultra-sensitive imaging systems have been developed and are now commercially available. These systems can often detect single photon events, although not all of the emitted photons are recorded. The sensitivity of a photon imaging microscope depends to a large extent on the quantum efficiency of the detector, detector noise, and light-collecting power of the microscope lenses. To compare the sensitivity of various imaging systems and to compare results obtained in different laboratories, standard sources of luminescence are required. These standards need to be small, dim, and calibrated in radiometric units.
